This study aims to determine the effect of adding 3 mol% yttria stabilized zirconia (3YSZ) in hydroxyapatite (HA) and sintering HA/3YSZ nanocomposites under nitrogen gas on HA decomposition. This paper presents the relationship between microstructure and mechanical properties of HA/3YSZ nanocomposites. Gas pressure and conventional sintering were performed on HA/3YSZ nanocomposites containing different amounts of 3YSZ (i.e., 0, 0.5, 1, and 7 wt%) at 1250 ∘ C. The phase stability, morphology, relative density, and microhardness of the HA/3YSZ nanocomposites were investigated. The phase stability of the HA/3YSZ nanocomposites was affected by adding different amounts of 3YSZ. Overall, gas pressure sintering leads to the formation of greater grain size compared with the conventional sintering method. The severe HA decomposition and the presence of the porosity in HA/7 wt% 3YSZ have led to deterioration in relative density and microhardness. In this study, HA/0.5 wt% 3YSZ with gas pressure sintering exhibited the optimum microstructure with the highest relative density (97%) and microhardness (3.93 GPa).
Introduction
Hydroxyapatite (HA) is biocompatible and osteoconductive, and it exhibits excellent chemical and biological affinity with bone tissues. HA is calcium phosphate that constitutes most of the mineral phase of the bone and tooth enamel. As such, HA has shown great potential as a bioceramic material for human hard tissue implants [1, 2] . However, the fracture toughness of sintered HA is relatively low (<1 MPam 1/2 ) compared with the fracture toughness of human bone (2 MPam 1/2 to 12 MPam 1/2 ) [3] [4] [5] . The brittleness and the low fracture toughness of sintered HA have limited its capability in load-bearing applications [6] [7] [8] [9] . However, the mechanical properties of HA can be improved during its synthesis by adding a second phase into HA [2] .
Adding zirconia (ZrO 2 ) in HA improves fatigue resistance and strength compared with HA alone [2, 10] . A promising ZrO 2 ceramic-containing system in dental healthcare applications is 3 mol% yttria stabilized ZrO 2 (3YSZ). 3YSZ is widely used as a dental material because of its good mechanical strength [11] . However, adding ZrO 2 decomposes HA at temperatures lower than/near 1300 ∘ C [12, 13] . HA decomposition is not desirable because this process modifies the physical and chemical properties of HA in biomedical applications [13, 14] . Several factors such as synthesis methods and conditions, amount and type of impurities, heating atmosphere, additives, particle size, sintering temperatures, and heating rate of the samples can modify the HA structure at high temperature [7, 15, 16] . Sintering is the most important step in powder processing used to produce density-controlled materials because it is at this stage that the material is subjected to very high temperature, causing the particles to form bonds that are needed to hold mass together [17] . Sintering methods such as hot isostatic pressing, spark plasma sintering, and microwave sintering have proven that the sintering method has a significant effect on the resulting mechanical strength and microstructure of HA/ZrO 2 composite [2, 18, 19] . Conventional sintering, also known 2 Advances in Materials Science and Engineering as pressureless sintering, is the preferred method in the fabrication of HA/ZrO 2 composites because it is more economical. Conventional sintering indicates sintering in which no external pressure is applied to the body [20] . Among all of the sintering methods that have been studied, near full relative density (99.5%) with no detectable HA decomposition can be achieved only by the hot isostatic sintering method [19] . However, the fabrication cost for this sintering method is relatively higher than other sintering methods. Undesired interactions between the sintering materials and its surrounding environment at high temperature can be prevented by selecting an appropriate sintering atmosphere. Several possibilities are available in terms of atmosphere selection for sintering of high-performance materials [21] . The objective of the present work is to determine the effect of gas pressure sintering with nitrogen on the microstructure and mechanical strength of hydroxyapatite/3 mol% yttria stabilized zirconia (HA/3YSZ) nanocomposites.
Materials and Methods
The base material for the HA powder used in this study was manufactured by Jinan Boss Chemical Industry Co., Ltd. The size and purity of the HA powder were determined by transmission electron microscopy (TEM) and X-ray diffraction (XRD; Bruker D8). The 3YSZ powder was manufactured by Nabond Nano-Technologies, Shenzhen, China. TEM and energy-dispersive X-ray spectroscopy (EDX) were performed to determine the size and purity of the 3YSZ powder. HA and 3YSZ powders were mixed by wet ball milling (Fritsch Pulverisette 6) in ethanol at 350 rpm for 1 h. Different compositions of HA/3YSZ were prepared by adding 0, 0.5, 1, and 7 wt% of 3YSZ in HA. The mixtures were dried in an oven at 60 ∘ C and then ground into powder using a mortar and pestle. The samples were uniaxially pressed at 50 MPa into pellets. The pellets were then cold isostatically pressed at 200 MPa for 1 min and sintered using two different methods, namely, conventional and gas pressure sintering by purging nitrogen (N 2 ) gas at 1250 ∘ C. The ramp rate of both sintering methods was fixed at 5 ∘ C/min, and the holding time was 1 h. The N 2 gas flow was maintained at approximately 1.5 L/min during gas pressure sintering.
The sintered samples were characterized using various tests. The density of the sintered samples was measured by water immersion method (Newclassic MS Mettler Toledo). Field emission scanning electron microscopy (FESEM, Hitachi SU8000) was used to examine the microstructure of the cross section of the sintered samples. XRD was carried out using a Bruker D8 to determine the phases that exist in the sintered samples. The microhardness of the sintered samples was determined by micro indentation method using a Shimadzu HMV-2.
Results and Discussion
The TEM micrograph of the HA powder is shown in Figure 1 . The HA particles were elongated rod-like crystals with a length distribution varying between 106 and 271 nm, whereas the diameter distributions varied between 34 and 48 nm. Figure 2 shows the TEM micrograph of the 3YSZ powder. The 3YSZ particles had a nanocrystalline structure with spheroidal crystals. Particle size distribution varied between 19 and 48 nm, whereas the average particle size was 34 nm.
Crystal agglomeration was visible from the micrograph of both the HA and 3YSZ powders. Agglomeration is the result of the coalescence of secondary particles. When two adjacent primary particles collide, coalescence occurs and the particles combine to form a secondary particle. The small secondary particles continue to collide and coalesce, which may ultimately lead to agglomeration [22, 23] . The crystal agglomeration mechanism is understood to involve consecutive steps of crystal aggregation and molecular growth of aggregates [24] . The smaller the particle size, the higher the surface energy of the materials. Nanomaterials are inherently unstable with high surface energy. Hence, particles will tend to agglomerate to reduce the surface energy to become more stable [25] . The XRD phase analysis of the HA powder is shown in Figure 3 . Only hydroxyapatite with the chemical formula of Ca 5 (PO 4 ) 3 (OH) matches the peak in the XRD diagram. Table 1 shows the EDX analysis of the HA powder. The EDX results for the HA powder correlate well with the XRD analysis; no impurities can be detected from the EDX analysis of HA powder (Table 1 ) and 3YSZ powder ( Table 2) .
The XRD patterns of HA/0.5 wt% 3YSZ and HA/7 wt% 3YSZ using two different sintering atmospheres at 1250 ∘ C are presented in Figures 4 and 5 , respectively. Gas pressure sintering failed to suppress HA decomposition, which occurred in both pressureless sintering and gas pressure sintering methods. However, the amount of 3YSZ affected HA decomposition. A second phase such as calcium zirconate can be detected from the XRD analysis of HA with the addition of 0.5 wt% 3YSZ under two different sintering atmospheres at 1250 ∘ C. In the HA sample with additional 7 wt% 3YSZ, severe HA decomposition occurred as seen by the detection of second phases such as calcium zirconate (CaZrO 3 ) and calcium phosphate [Ca 3 (PO 4 ) 2 ].
Figures 6 and 7 illustrate the FESEM micrographs of HA/0.5 wt% 3YSZ fabricated by conventional sintering and gas pressure sintering. Bimodal grain size distribution can be seen from the SEM images of the HA/3YSZ nanocomposites that were sintered using different methods in this study. Factors such as long sintering time or abnormal grain growth can contribute to bimodal grain size distribution [26] . The grain size of HA/0.5 wt% 3YSZ by conventional sintering varied between 0.3 m and 1 m, whereas, for the HA/0.5 wt% 3YSZ fabricated by nitrogen sintering, the grain size varied between 0.3 m and 1.7 m. A comparison between the two sintering methods shows that gas pressure sintering leads to the formation of bigger grain size. Figure 8 shows the FE-SEM micrograph of HA containing 7 wt% 3YSZ and subjected to gas pressure sintering. The grain size of HA/3YSZ nanocomposite varied between 0.7 and 1.9 m. Figures 9 and 10 show that both HA/7 wt% 3YSZ and HA/0.5 wt% 3YSZ were sintered under gas pressure. Although the grain size of HA/7 wt% 3YSZ was greater than that of HA/0.5 wt% 3YSZ, HA/7 wt% 3YSZ exhibited large pores, with sizes ranging from 0.3 m to 1.1 m. On the contrary, HA/0.5 wt% 3YSZ demonstrated slight porosity. Dehydroxylation within the HA matrix could have contributed to the formation of porous structures [27] . This conclusion is based on the severe decomposition of HA that was observed in the XRD diagram of HA/7 wt% 3YSZ. Figure 9 shows the average grain size of HA containing different amounts of 3YSZ. HA/0.5 wt% 3YSZ showed the highest average grain size (0.74 m), whereas HA/7 wt% exhibited the lowest average grain size (0.69 m). These results agree with the size range of the grain size and mechanical properties of the samples. Figure 10 shows the relative density of the HA/3YSZ nanocomposites sintered using two different methods. Overall, the HA/3YSZ nanocomposites subjected to gas pressure sintering showed improved relative density compared to those subjected to conventional sintering. The product containing 0.5 wt% 3YSZ in HA and sintered in N 2 exhibited the highest relative density (97%). The relative density of the HA/3YSZ nanocomposites subjected to conventional sintering increased with increasing amount of added 3YSZ up to 1 wt%. The relation between grain size and relative density has been investigated in earlier works, and results show that the relative density of pure alumina and yttria increases with increasing grain size [17, 28] . Pores may be eliminated from the grain boundaries and become trapped in the grain when the grain size increases [29] . Adding 7 wt% 3YSZ decreased the relative density of the HA/3YSZ nanocomposites. Calcium phosphate and calcium zirconate are the byproducts of the HA decomposition [18] . The presence of low-density calcium phosphate [30] in HA added with 7 wt% 3YSZ caused a decrease in the density of HA/3YSZ nanocomposites. The presence of porosity also decreased the relative density of the sample containing 7 wt% 3YSZ.
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The hardness of the HA/3YSZ nanocomposites that were prepared using two different sintering methods is shown in Figure 11 . The application of gas pressure sintering resulted in higher hardness than the conventional sintering method. The highest microhardness obtained from this study is 3.93 GPa from the HA with the 0.5 wt% addition of 3YSZ using the gas pressure sintering method. In this study, HA with the 7 wt% addition of 3YSZ using conventional sintering shows the lowest microhardness value (1.32 GPa). This is due to the presence of calcium zirconate and calcium phosphate upon decomposition of the HA with 7 wt% of 3YSZ [31] . Porosity exhibited by HA containing 7 wt% 3YSZ also decreased the hardness of the nanocomposite.
The effect of the sintering method on the density, microhardness, and microstructure is clearly observed in this study. Gas pressure sintering results in higher density, higher microhardness, and larger grain size with fewer pores than the conventional sintering method.
Conclusion
HA/3YSZ nanocomposites were successfully prepared by wet ball milling and sintered under two different conditions, one being pressureless sintering and the other pressure sintering using nitrogen gas. However, HA decomposition was found to take place in the samples regardless of the sintering methods. The XRD analysis of the HA/3YSZ nanocomposites that were sintered under both atmospheres exhibited peaks that correspond to the formation of second phases such as calcium zirconate and calcium phosphate. The HA added with 0.5 wt% 3YSZ that was sintered with gas nitrogen exhibits the optimum relative density and microhardness with larger grain size. The formation of porosity in the sample with high percent of 3YSZ addition (7 wt%) in HA has led to the reduction in relative density, as well as microhardness. Overall, the application of gas pressure sintering on the HA/3YSZ nanocomposites shows larger grain size, better microhardness, and higher relative density than conventional sintering method.
